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Outline
• Introduction
• Single top quark production
• Observation of single top quark 

production at DØ
• CDF and Tevatron combination
• New physics searches
• LHC outlook
• Conclusions
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SM single top quark production
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New physics
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Tevatron single top goals
• Discover single top quark production!
• Measure production cross sections 

→ CKM quark mixing matrix element V
tb
 

• Look for physics beyond the standard model
– Coupled to the heavy top quark

• Study top quark spin correlations
• Understand as background to many other searches
• Explore analysis techniques that will also be used 

elsewhere

Production cross sections:
(N)NLO calculation:                    1.12 pb (±5%)        2.34 pb (±6%)
(mtop = 170 GeV)

 s-channel                  t-channel    
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DØ

CDF

Batavia, Illinois Experimental setup:
Fermilab Tevatron in Run II

Proton-antiproton collider
CM energy 1.96TeV 

→ Energy frontier
Instantaneous luminosity >350E30cm-2s-1 
    − >4 interactions per crossing, 1.7M crossing per second

→ Luminosity frontier
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Fermilab single top history

Measurement history

Publication history
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Fermilab Tevatron 
Run II Integrated Luminosity
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b-quark jet or light quark jet

Single top quark event signature
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Single top quark event signature
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Background processes
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Analysis outline
Trigger

selection
Single top

event
kinematics

b-quark
tagging

S/B = 1/250,
115,000 events

S/B = 1/20,
4500 events

in 24 channels

S/B = 1/109

Multivariate techniquesCombinationStatistical analysis
BDT                BNN               ME
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Analysis samples
– Divide into 24 analysis channels

• By b-tag multiplicity (1, 2), jet multiplicity (2, 3, 4), 
data taking period (before/after upgrade), lepton (e, )

– Cross-check samples 
• Enriched in W+jet events
• Enriched in top pair events

– Check data/background agreement for all variables and 
multivariate filters in all samples
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Important discriminating variables
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Important discriminating variables

● Considered ~200 variables total for multivariate filters
● Chose 18-64 variables for each filter, depending on method and channel
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Cut-based analysis to decision tree

HT>312

Pass Fail

PF

>1.2

FP

Mt>160

purity

– Cuts produce branches
– Terminal leaf: calculate

purity = NS/(NS+NB)
from MC signals and 
backgrounds

– Each data event is assigned the 
purity value of the leaf it falls 
into 

– Typical trees: hundreds of leafs
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Boosted decision tree

– Boosting: 
Average over many trees, each 
built by iteratively increasing 
weight of mis-classified events

– Typically 20-100 boosting 
cycles
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Boosted decision tree distributions

Cross checks

Full data sample
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Bayesian neural networks

Bayesian neural networksSingle network 
integrate
over possible
network
parameters

– NN with three layers, 24 input nodes, 
40 hidden nodes

– Bayesian Idea:
• Determine the posterior probability 

for each weight at each node
• Sample from this posterior
• Here: Average over 100 networks
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Bayesian neural network distributions

Cross checks

Full data sample
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Matrix element analysis

• Signal and background probability for each event is 
calculated from differential cross section 

– Integration over final state momenta
• And over reconstructed momenta, transfer function

• Include ME for s-channel, t-channel, top pairs, diboson,
W+jets (including gluons)

• Determine weights in two HT regions

Parton level 
matrix elements 

integrate
over 
measurement
uncertainties

Signal discriminant

L=
P sig

P sigP bkg
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Matrix element distributions

Cross checks

Full data 
sample
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Systematic uncertainties
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Multivariate Analyses
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Combination: Another BNN
– Gain because each method provides unique separation

– Simple BNN, only 3 inputs: BDT, BNN, ME
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Combination distribution
• Combine 24 channels, 

50 bins per channel, 
sort bins by s/b
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Is there a signal?

Sum bins
right-to-left
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Kinematics in the signal region
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Statistical analysis
• Bayesian statistical analysis 

P(s|D) = P(D|s)*P(s)
– Posterior gives measured cross section and uncertainty

PRL 103, 092001 (2009) 
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Significance
• Significance (p-value) and linearity and many tests 

through extensive ensemble testing
– Ensembles of pseudo-data at various signal cross sections
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CKM matrix element |Vtb|

V
tb V

tb

CKM Matrix

• Measurement: |Vtb × fL1|
– Assume top decays to b

(Vtb ≫ Vts, Vtd)

• No constraint on # of generations

• Then assume fL1 =1

 lower limit on Vtb 
– At the 95% C.L.:  |Vtb| > 0.78
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• Analyses based on 3.2 fb-1

• Top mass 175GeV

• Include MET+Jets channel
• 5 multivariate methods, 

separate s-channel search
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Tevatron Combination



41Reinhard Schwienhorst, Michigan State University

Searches for new physics in single top

• Searches for 
new heavy boson W':

– CDF prelim result, 1.9fb-1:
M > 800 GeV and M > 825 GeV

• Similar: DØ Susy H+ search

• Flavor-changing 
neutral currents:

q

t

q

u quark or 
c quark

g

q

 q'

W' t

b

PRL 100, 211803 (2008)

http://www-d0.fnal.gov/Run2Physics/top/top_public_web_pages/journal_papers/phys_rev_lett_100_211803_2008_singletop-wprime-tb.pdf
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Single top polarization – anomalous coupling

top
b

W

|fR
1|2 |fL

2|2 |fR
2|2

• Left-vector (fL
1, =1 in SM),  right-vector (fR

1), 
left-tensor (fL

2), right-tensor (fR
2)

• Single top is sensitive to magnitude (PRL 101, 221801 (2008))
• ttbar to ratios of couplings (W helicity, PRL 100, 062004 (2008))
• Best sensitivity through combination (PRL 102, 092002 (2009))

|fR
1|2 < 0.72 |fL

2|2 < 0.30

|fR
2|2 < 0.19



43Reinhard Schwienhorst, Michigan State University

• Train MVA filters for t-channel
• Measure t-channel and s-channel 

simultaneously
– Remove s/t constraint

–  (t) = 3.14 -0.81
+0.94 pb

• Expected/observed significance: 
3.7/4.8 SD 

–  (s) = 1.05 ± 0.81 pb

First evidence for t-channel production

Submitted to PLB, arXiv.org:0907.4259 
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Single top at the LHCSingle top at the LHC

q W t

 b

 s-channel: 10.7 pb  t-channel: 247 pb 

u d

b t

W

 associated
 production: 68 pb

g

b t

W

s-channel and assoc. prod: harders-channel and assoc. prod: harder

– Observe three single top production modes separatelyObserve three single top production modes separately
• t-channel: easy   t-channel: easy   

– Observe new physics Observe new physics (if it can be seen)(if it can be seen)

– Measure VMeasure Vtbtb to few % to few %

– Study spin correlationsStudy spin correlations

 q'
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Atlas, 1fb-1 

  tchannel
measurement 

Multivariate filter output

• Backgrounds similar to Tevatron
– W+jets less important
– tt is dominant background

• t-channel observation early
– In ~200 pb-1 at 10 TeV
– Sufficient # of events for cut-based 

analysis

• s-channel and Wt with ~30 fb-1 
– Separate by b-tag and jet 

multiplicity
– Earlier observation requires 

multivariate techniques

SM Single Top at the LHCSM Single Top at the LHC
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LHC: new physics in single top
• Dedicated searches for specific signatures

– Resonances: New heavy boson W', heavy  charged Higgs
– FCNC interactions via gluon, photon, Z
– Anomalous couplings

• Measure SM cross
sections in detail
– For 3 processes 

separately
– Compare their

ratios
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Conclusions/Outlook
• The Tevatron experiments are getting to know the top 

quark very well
• Both experiments have observed single top quark 

production
• Tevatron dataset now over 5 fb-1  

• Separate s-channel from t-channel
• Look for new physics

• LHC: 
• Precision measurements in single top
• Look for new physics connected to heavy top 

quark
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